Parkinson disease is characterized cytopathologically by the deposition in the midbrain of aggregates composed primarily of the presynaptic neuronal protein ␣-synuclein (AS). Neurotoxicity is currently attributed to oligomeric microaggregates subjected to oxidative modification and promoting mitochondrial and proteasomal dysfunction. Unphysiological binding to membranes of these and other organelles is presumably involved. In this study, we performed a systematic determination of the influence of charge, phase, curvature, defects, and lipid unsaturation on AS binding to model membranes using a new sensitive solvatochromic fluorescent probe. The interaction of AS with vesicular membranes is fast and reversible. The protein dissociates from neutral membranes upon thermal transition to the liquid disordered phase and transfers to vesicles with higher affinity. The binding of AS to neutral and negatively charged membranes occurs by apparently different mechanisms. Interaction with neutral bilayers requires the presence of membrane defects; binding increases with membrane curvature and rigidity and decreases in the presence of cholesterol. The association with negatively charged membranes is much stronger and much less sensitive to membrane curvature, phase, and cholesterol content. The presence of unsaturated lipids increases binding in all cases. These findings provide insight into the relation between membrane physical properties and AS binding affinity and dynamics that presumably define protein localization in vivo and, thereby, the role of AS in the physiopathology of Parkinson disease.
Parkinson disease (1) is the second most common neurodegenerative disease, characterized primarily by the functional loss of dopaminergic neurons in the substantia nigra of the midbrain. Although the precise causes of cell death are unknown, the misfolding and aggregation of the abundant neuronal protein, ␣-synuclein (AS), 4 in Parkinson disease pathogenesis is almost certainly involved (2) (3) (4) .
This protein forms amyloid-like fibrils, which constitute the major component of pathological intraneuronal protein deposits denoted Lewy bodies. The physiological functions of AS are unclear, but it has been associated with vesicle trafficking (5-7) and fatty acid metabolism (8) .
AS is a small (140 amino acids, 15 kDa) negatively charged, natively disordered protein lacking a distinct secondary structure in solution (9) . However, the N-terminal two-thirds of the sequence adopts a helical conformation (␣11/3) upon interaction with artificial membranes (10 -12) whereas the cross-␤-sheet conformation is characteristic of the amyloid fibrillar forms of the protein (Fig. 1) . The ␣-helix-forming region spans seven imperfect 11-residue repeats, six of which contain a highly conserved motif, XKTK(E/Q)GVXXXX (Fig. 1) . The membrane-binding domain overlaps with the hydrophobic NAC region (residues 61-95), which serves to initiate aggregation (13) . The C terminus, in contrast to the positively charged N terminal and the NAC regions, is rich in acidic residues and prevents protein aggregation (14, 15) .
Membrane interactions are believed to be essential to the function(s) of AS in the cell (16) , because the protein is localized in close proximity to synaptic vesicles and binds to the inner mitochondrial membrane (17) . Furthermore, AS-membrane interactions have been reported to play a role in Parkinson disease pathology (16, 18, 19) . For example, there is compelling evidence suggesting that low molecular AS aggregates or oligomers disrupt membranes and/or induce the formation of ion channels (20, 21) , possibly leading to cellular and mitochondrial membrane depolarization (22) . Due to their high affinity for AS, membranes are important factors in protein localization and rate of aggregation. Experiments in vitro show that depending on membrane composition (charge, acyl chain saturation), lipids either accelerate (23) (24) (25) or inhibit (26) AS fibrillation.
Early studies showed that the binding of AS to extracts of brain tissue lipid membranes did not require the presence of other proteins (27) , and therefore AS also binds readily to artificial membranes (4, (27) (28) (29) (30) . Because the lipophilic N-terminal part of AS is positively charged, the protein has a preference for anionic membranes (28) . Microscopy of DOPC giant unilamellar vesicles (29) and circular dichroism (CD) measurements in the presence of POPC vesicles (30) have not detected AS interaction with neutral membranes, whereas calorimetry (DPPC) (31, 32) and Fluorescence Correlation Spectroscopy (FCS) (POPC) (28, 33) have shown moderate degrees of binding. The effects of the membrane phase and curvature on AS binding are still a subject of discussion (4) . It has been reported that AS interacts preferentially with membranes in the liquid disordered (L d ) phase (29, 34 -36) . However, there are instances in which AS demonstrates a higher affinity for rigid and raftlike domains (27, 37) . Microcalorimetry (isothermal titration calorimetry) indicates that binding of AS to neutral small unilamellar vesicles (SUVs) in the gel phase is stronger than to membranes in the liquid disordered phase (31) . High membrane curvature was reported to be essential for AS binding to DPPC vesicles (31) , but this effect was not observed in the POPC/ POPS system (28) . Such disagreement is probably due to the use of lipids with different polar headgroups that influence the charge and curvature of membranes. AS binds preferentially to membranes composed of lipids with smaller polar headgroups (e.g. phosphatidic acids) (38) , probably due to higher surface energy (more defects).
High resolution NMR reveals that AS bound to small (ϳ5 nm) SDS detergent micelles forms two antiparallel ␣-helices (residues 3-37 and 45-92) (39) . However, the conformation of AS on lipid membranes is still a subject of discussion. Some EPR reports suggest a broken-helix conformation (40, 41) similar to that of the micelle-bound protein (42) , whereas others show an extended ␣-helix for residues 9 -90 (43, 44) , a finding that is also supported by single molecule FRET measurements (45, 46) .
Most studies devoted to AS interaction with membranes have been focused on particular lipidic systems without taking membrane diversity into account. Thus, the discrepant results and interpretations may reflect compositional issues as well as differences in key experimental parameters, such as lipid/protein ratio (47) and membrane charge (35) .
In this study, we addressed systematically the effects of different membrane properties on the thermodynamics and kinetics of AS-membrane interaction by employing environmentsensitive dyes that by virtue of their inherent sensitivity, allowed operation under close-to-native conditions (concentration and temperature). Fluorophores of 3-hydroxyflavone family undergo an excited state intramolecular proton transfer (ESIPT) that leads to the appearance of a second tautomeric (T*) emission band (48, 49) . The intensity ratio of the normal (N*) and tautomeric bands is highly sensitive to the environment properties (50, 51) . Diethylamino-3-hydroxyflavone (FE) discriminates between protic and aprotic environments as well as different membrane types (48, (51) (52) (53) and thus constitutes a promising tool for monitoring protein-membrane association (54) . We have previously reported that FE reveals differences in the supramolecular organization of amyloid fibrils (55) and the utility of a related ESIPT probe (FC) as a reporter of AS aggregation (56) .
In this investigation, we constructed a new Cys-reactive probe based on FE, which we introduced into the AS molecule in each of three alternative positions (positions 18, 90, and 140) spanning the protein sequence (Fig. 1) . These constructs were used in a series of equilibrium and kinetic studies to establish the key membrane parameters that determine the binding of AS.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-␣-Synuclein and its cysteine variants (A18C, A90C, and A140C) were expressed and purified from Escherichia coli as described elsewhere (56) (for preparation details, see supplemental material). The protein was ultracentrifuged each time before use, and its concentration was estimated from the absorbance at 275 nm using a molar extinction coefficient of 5600 ␣-Synuclein-Membrane Interactions namide (MFE) Label-MFE dye was obtained as the product of the reaction of N-␤-maleimidopropionic acid with 4Ј-diethylamino-3-hydroxy-6-aminoflavone. The precursor 4Ј-diethylamino-3-hydroxy-6-aminoflavone was obtained by oxidative cyclization of the 5Ј-acetamido-2Ј-hydroxyacetophenone and 4-diethylaminobenzaldehyde followed by hydrolysis as described elsewhere (54) . See supplemental material for details.
Protein Labeling-To 1 ml of a 0.2 mM solution of A18C mutant of WT AS in 25 mM Na-PO 4 buffer, pH 7.2, 1 mg (15-fold excess) of MFE in 0.5 ml of DMSO was added. The reaction was left for 48 h at 4°C with mixing. The excess of the dye and DMSO were removed by dilution of the reaction mixture with buffer (to 12 ml) and filtration of the solution through an Amicon Ultracel filter (10 kDa) to obtain 1 ml of crude labeled protein. The derivatized protein was purified by size exclusion chromatography (Pharmacia Smart, Superdex 200HR 10/30 SEC column, 25 mM Na-PO 4 , pH 6.2) and concentrated with an Amicon Ultracel filter to 0.8 ml. The final labeled protein solution was 0.16 mM and had a labeling efficiency of Ͼ90%, as determined from the absorbance of the FE dye (⑀ 430 ϭ 32,000
The overall recovery was ϳ70%. The MFE derivatives of the A90C and A140C mutants were prepared by the same procedure.
Preparation of LUVs and SUVs-All lipidic components were purchased in lyophilized form or in CHCl 3 solution from Avanti Polar Lipids (Birmingham, AL). Stock solutions of 2-5 mM were prepared in CHCl 3 and stored in glass vials at Ϫ20°C. Aliquots of the appropriate amounts of the stock solutions were mixed in clean glass vials, and the CHCl 3 was removed under a gentle stream of nitrogen. The lipids were placed under vacuum for at least 1 h to ensure complete removal of residual CHCl 3 and then rehydrated in 25 mM Na-PO 4 , pH 6.5, 150 mM NaCl, to a final concentration of 1-2 mM lipid in the form of MLVs. Large unilamellar vesicles (LUVs) were prepared by extrusion through polycarbonate films (Nucleopore) in a hand-held extruder (Avanti Polar Lipids). The MLV suspension was first reduced in size by seven passages through a large (1-m) pore size filter. The suspension was then passed 10 times through a filter with a 0.1-m pore size. For preparation of SUVs, the hydrated lipid solution was sonicated (Kontes Micro cell disrupter, 70 -80% power) for 1 h. The resulting colloidal solution was centrifuged 15 min at 15,000 ϫ g to remove traces of metallic particles arising from the tip. The preparations of SUVs and LUVs were performed at temperatures 5-15°C above the transition points. The size of all vesicles was determined by DLS using a Zetasizer Nano ZS equipped with a 633-nm laser (Malvern Instruments). The measured diameter of all LUVs was 110 Ϯ 10 nm, whereas the mean size of SUVs varied in the range 35-60 nm, depending on composition. The vesicles were used within 2 days of preparation but were found to be structurally stable for at least 2 weeks (LUVs) or 5 days (SUVs) when stored at 4°C. For vesicles composed of more than one type of lipid, all given percentages are based on relative molar composition.
Spectroscopy-Unless otherwise indicated, all measurements were performed at 37°C in 25 mM Na-PO 4 buffer, pH 6.5, 150 mM NaCl.
Circular Dichroism Measurements-CD spectra were obtained with a Jasco J-720 spectropolarimeter. The protein concentration was 2-10 M for WT and 2 M for the labeled mutants. Spectra were recorded using a 2-mm path length cuvette, scanning from 200 to 250 nm with a step size of 0.2 nm and a scanning speed of 20 nm/min. The spectra represent averages of three scans and were corrected for the background from buffer and protein-free vesicles. For the determination of ␣-helical conformation, the 222 Ϯ 0.2 nm signal was averaged and corrected for dilution.
Fluorescence-Emission and excitation spectra were recorded with a Cary Eclipse spectrofluorimeter (Varian), equipped with a thermally controlled cuvette holder. The protein concentration was 100 nM. The spectra were corrected for wavelength-dependent sensitivity and background light scattering. The fluorescence quantum yields were determined using a reference solution of 4Ј-diethylamino-3-hydroxyflavone in ethanol (quantum yield 0.51) (49) .
Determination of Affinity Constants-The affinities of AS for different artificial membranes were determined by titration of 100 nM protein solutions with 0.1-2 mM solutions of vesicles (depending on the affinity). We avoided lipid/protein ratios less than 10 to prevent vesicle disruption (see supplemental material). The proteins with the fluorescent label at the three positions were compared. The binding curves were fitted to the equation,
where R is the measured signal (emission intensity, corrected for dilution) at a given lipid concentration, L is the total lipid concentration, P is the total concentration of the protein, K d is the apparent macroscopic dissociation equilibrium constant, and n is the binding stoichiometry (lipids/protein). R f and R o are the final (corrected for dilution) and initial signals, respectively. This equation assumes that all binding sites are equivalent and that K d does not depend on the lipid/protein ratio. The tight binding to anionic lipids (K d Ͻ P Ϸ 100 nM) could not be satisfactorily described by this model. In this case, the binding stoichiometry was evaluated as 2L 50 /P, where L 50 is the concentration of lipids corresponding to 50% binding of AS. For comparison of the binding to different membranes, we used L 50 , which approximates K d for low affinity systems.
Competition Experiment-The emission spectrum of AS in membranes depends on the lipid composition and therefore could be used as a signature of the protein bound to known types of membrane in competitive assays. The affinity of AS for membranes of two different compositions was compared directly by the addition of the protein to a solution containing an excess of vesicles of both types and comparing the resulting emission spectrum with that of AS bound to each component separately. In a typical experiment, 100 nM AS was added to a solution containing 200 M DPPC and DOPG SUVs (2000 lipids/protein). The observed spectrum is a weighted sum of the individual spectra of protein bound to DOPG and DPPC,
where F DPPC, and F DOPG, are reference spectra of the protein in DPPC and DOPG SUVs, respectively, and a is the molar fraction of AS bound to DPPC SUVs (supplemental Fig. S1 ). Because both lipids were present in the solution in the same concentration, the ratio a/(1 Ϫ a) is equal to the ratio of the corresponding dissociation equilibrium constants for AS, K DOPG /K DPPC . This method works well for comparison of protein binding to two types of membranes with high and comparable affinities. If the preference of the protein for one of the membranes is much higher than for the other (a Ͻ 0.1 or a Ͼ 0.9), the method provides only a qualitative assessment of which system has the higher affinity.
Binding Kinetics-All kinetic measurements were performed on an SX.18MV stopped-flow system (Applied Photophysics). For measurements of the kinetics of AS binding to membranes, equal volumes of a 0.5 M solution of the protein and 100 M SUVs were mixed to give a final protein concentration of 250 nM and a lipid-to-protein ratio of 200. The buffer (25 mM Na-PO 4 , pH 6.5, 150 mM NaCl) and temperature (37°C) were the same as for the spectroscopic measurements. Reactions were monitored by fluorescence using 420 Ϯ 4 nm excitation. Emission was collected with a 525 Ϯ 25 nm band pass filter. Fluorescence was sampled in a 0.02-1-ms interval (logarithmic scale); the dead time of device was 2 ms. 6 -10 kinetic curves were recorded for each sample and fitted after averaging by Origin software to the monoexponential model,
where F(t) is the fluorescence intensity as a function of time (t); F o and F f are the fluorescence of free and membrane-bound AS, respectively; k is the apparent reaction rate constant; and s is an apparent shift between the mixing/initiation time and the start of the recording (typically, s Ϸ 0.1 ms). Most of the curves were satisfactory fitted to this model (R 2 Ͼ 0.98). In a few cases (see Table 1 ), the presence of an additional slower (k Ͻ 0.2 s Ϫ1 ) component corresponding to Ͻ20% of the fluorescence changes was detected, and biexponential fitting was employed.
Protein Migration between Membranes-Experiments and data analyses were performed as in the binding kinetic measurements. A typical protocol was as follows. 0.2 M AS-18MFE was preincubated with an excess of DPPC SUVs (240 M, 1200 lipid/protein) and mixed in the stopped-flow device with a solution of DOPG lipids of the same concentration. For recording of the initial fluorescence level (F o ), the solution of DOPG was substituted by buffer.
RESULTS

AS Labeling and Label
Characterization-We characterized the new reactive ESIPT label (MFE) and determined that it preserved the spectral properties of the parent fluorophore (50) . In aprotic media, the label shows a two-band emission spectra with a shape highly dependent on polarity. In contrast, only a single low intensity emission band from the hydrated form of the dye is observed in water ( Fig. 2A) .
Attachment of the MFE label to the three AS cysteine mutants (18C, 90C, and 140C) led to the increase of the fluorescence quantum yield compared with the free probe in water. The single-band emission profile indicated high water accessibility in all cases (Fig. 2B) . Upon membrane binding, the fluorescence intensity increased, and the label exhibited two emission bands (Fig. 2B) . These changes can be attributed to a decrease in environmental hydration and polarity (51) . The amplitude of the spectral changes was greatest for AS-18MFE, and this mutant was used in most of the quantitative studies.
Comparison of the Affinity of Labeled and WT AS-AS adopts an ␣-helical conformation upon membrane binding (10) . Titration of wild type and labeled Cys mutants with DOPG and DOPG/DOPC (1:1) SUVs and monitoring conformational changes by CD allowed an estimate of ␣-helical content from the characteristic band at 222 nm. All four proteins showed almost identical binding profiles and very similar final CD spectra (Fig. 3) , indicating that the introduced label did not significantly perturb membrane binding affinity or protein conformation. As observed previously for the MFC label (56), the flexible linker and the relatively small size of the probe help to minimize the effect of the labeling on the protein properties.
Role of Membrane Charge-The addition of vesicles composed of negatively charged DOPG to the solution of AS-18MFE led to a dramatic increase of fluorescence intensity and the appearance of the two bands characteristic for the label in an aprotic environment (Fig. 4) . Titration of the labeled protein by neutral SUVs led to similar results, but saturation occurred at higher lipid concentration, in accordance with previous FCS measurements (28) . The influence of membrane surface charge 
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was assessed with SUVs composed of mixtures of neutral (DOPC) and negatively charged (DOPG) lipids in different ratios (Fig. 4B) . The affinity of AS for neutral membranes was ϳ3% of that observed for SUVs consisting of an equimolar mixture of DOPC and DOPG (mean charge ϭ Ϫ0.5). Binding stoichiometry of AS to neutral DOPC was ϳ500 lipids/protein, as opposed to ϳ30 in the case of the negatively charged DOPG (Fig. 4B) . The binding isotherm for anionic vesicles was complex, prompting the introduction of the parameter L 50 , the concentration of lipids at which 50% of the protein was bound, for comparative purposes (Fig. 4C and Table 1) .
Role of Membrane Curvature-The interactions of AS-18MFE were studied using LUVs (diameter ϳ100 nm) and SUVs (diameter ϳ40 nm). In addition, we compared the influence of neutral (DOPC) and charged (DOPG) lipids with the two systems. AS bound readily to SUVs composed of DOPC or DOPG (Fig. 4 and Table 1 ); decreasing the membrane curvature (LUVs) had no perceptible effect in the case of negatively charged membranes but strongly reduced the binding to neutral vesicle (Fig. 4A) . No significant binding of AS to neutral 100-nm LUVs composed of POPC, DMPC, and DPPC was observed up to a 1 mM lipid concentration. Our results are consistent with a recent report of AS selectivity for highly curved artificial membranes (33) , except that we did not observe a significant influence of curvature in the case of vesicles with Ͼ25% of negatively charged lipid (DOPC/DOPG and DOPC/DOPS systems).
Influence of Membrane Phase-The effect of lipid bilayer phase on AS binding was examined by using the thermal phase transitions of membranes composed of saturated lipids. At 37°C, the emission of AS-18MFE in the presence of SUVs composed of zwitterionic DMPC lipids was identical to that of the free probe (Fig. 5A) , indicating that AS did not significantly bind to membranes under these conditions. Cooling led to a strong increase in fluorescence and the appearance of a dual band emission in the range 19 -25°C (the phase transition of a DMPC bilayer has a midpoint (M t ) of ϳ23°C). The same phenomenon occurred with SUVs composed of DPPC but was displaced to 37-43°C (M t ϳ 41°C). The fluorescence of the free AS-18MFE was unaffected by changes in temperature (Fig. 5B) . Our binding results correlate well with data for the folding of AS into ␣-helical form in DPPC systems below the phase transition temperature (37) . Evidently, AS has a much greater affinity for neutral membranes in the gel than in the L d phase. This difference was not manifested in the case of negatively charged membranes. In fact, the DPPG membranes did not show sharp changes of MFE fluorescence intensity and, therefore, of affinity for the protein at M t ϳ 41°C (Fig. 5B) . Moreover, disordered membranes composed of DOPG lipids had a much greater affinity for AS than rigid DPPG bilayers. We conclude that the L d to gel phase transition of membranes increases the affinity of AS for zwitterionic SUVs but has an opposite or minor effect in the case of anionic SUVs.
Role of Unsaturated Fatty Acids-The presence of double bonds in the fatty acyl chains decreases membrane rigidity and the phase transition temperature. We examined the influence of acyl chain saturation on AS binding with SUVs that persisted conditions. Experiments were performed at 37°C for 2 M protein in 25 mM Na-PO 4 , pH 6.5, 150 mM NaCl. CD data Ͻ205 nm were discarded because of excessive noise. AS interacted with SUVs composed of DOPC and POPC with a moderate affinity but did not significantly bind to DMPC at 37°C (Table 1) . Whereas in the case of DOPC, the ratio of 600 lipids/protein was sufficient for supporting the binding of 50% of the protein, in the case of DMPC, only less than 2% of the AS was bound under the same conditions ( Table 1 ). The charge, curvature, and phase of DOPC, POPC, and DMPC membranes are similar. Thus, we attribute the gradual increase in binding to the lower lipid packing density and reduced screening of the apolar region in the case of unsaturated lipids. In addition, the binding of AS to DOPC SUVs (L d ) was much lower than to DPPC (gel), indicating a stronger influence of the lipid phase on AS binding to neutral SUVs than of the presence of double bonds. In other words, a different mechanism may be involved in the binding of AS to rigid membranes of high curvature (31).
Due to the high affinity of AS for all negatively charged membranes, an assessment of acyl chain effects based on direct titration was not feasible. Thus, we used a competition approach. AS was added to a solution containing equal amounts of SUVs composed of DOPG and POPG (both of them in excess over protein). The resulting emission spectrum was close to that of the protein bound to DOPG, implying a greater affinity for this type of SUVs than for those composed of POPG (supplemental Fig. S1 ). Thus, unsaturated fatty acids increase the binding affinity of AS to membranes, but the effect is less significant than that of the membrane charge, curvature, and phase.
Effect of the Cholesterol on AS Binding-Cholesterol is an important component of cellular membranes (57, 58) and also affects the binding of AS to membranes and the rate of AS aggregation (59, 60) . We analyzed the effect of cholesterol on the AS-membrane binding. The presence of cholesterol (33%) in neutral SUVs led to a decrease both in the number of binding sites per lipid molecule and in affinity (Fig. 6) . However, only an insignificant diminution of AS affinity was observed in the case of negatively charged membranes (Fig. 6B) , an effect that could be attributed to a decrease of the membrane surface charge density. Thus, it appears that the cholesterol does not significantly modify the binding of AS to charged membranes.
Binding Stoichiometry-Protein interactions with membranes are characterized by affinity and surface coverage. If the binding of each protein molecule is independent, the interaction can be described as a simple bimolecular reaction between the protein and a virtual "binding site" constituted by n lipid molecules. In such a case, a change in the fraction of bound protein fraction upon the addition of lipids should be described by Equation 1. The interaction of AS with neutral SUVs was in good agreement with this model (Figs. 4B and 6A ). The binding site for DOPC and DPPC membranes was calculated to be in the range of 300 -500 lipids/protein (Table 1 ). Taking into account that one lipid molecule occupies about 0.7 nm 2 of the bilayer surface (61), we estimated that AS binds SUVs with a density of 1 molecule/140 nm 2 . The size of AS (140-amino acid protein in ␣-helical conformation) is about 10-fold smaller (close to 14 ϫ 1.1 nm) (39) . In the case of cholesterol-containing lipids, the surface density of AS is even smaller (ϳ500 nm 2 / molecule), corresponding to a surface coverage of Ͻ5%. 
Surprisingly, AS covers negatively charged membranes much more efficiently than neutral membranes. The stoichiometry varied in the range of 30 -100 lipids/protein, corresponding to ϳ15-50 nm 2 /protein. The lower value is very close to the surface occupied by the ␣-helix formed by the protein (39) . In other words, AS can cover Ͻ10% of the surface in the case of neutral SUVs but Ͼ30% of negatively charged membranes. The high density of AS on the membrane partially neutralizes surface charge, such that the binding affinity for successive molecules depends on the extent of membrane coverage. As a consequence, the binding of AS to negatively charged membranes, in contrast to neutral membranes, cannot be adequately described by the equivalent sites model. An alternative view is that the binding modes of AS to zwitterionic and anionic vesicles are different. The C terminus of AS, in particular, would be repelled by the anionic phospholipids, thereby affecting the effective interactive surface of the protein and allowing a higher packing density on negatively charged vesicles.
Kinetics of AS Interaction with Lipid Vesicles-ESIPT probes are ideal for monitoring the kinetics of binding and conformational transition by rapid chemical kinetic techniques. We measured the association of AS with charged and neutral membranes by fluorescence stopped flow. In most cases, a monoexponential course of increasing fluorescence intensity ensued after mixing vesicles with AS-18MFE (Fig. 7) , although some membrane compositions also exhibited at least one relatively slow component (10 -100 s) . For an initial comparison of the AS binding rates to membranes of different composition, we determined a pseudo-first-order reaction rate constant measured at 0.25 M protein and 50 M lipid concentrations. Negatively charged SUVs interacted with AS in the 1-20 ms range, consistent with the reported AS exchange rate in SDS micelles (10 ms) measured by 19 F NMR (62) . The binding to neutral SUVs was much slower, in the range of seconds, and the reaction rates and binding affinities were not linearly related ( Table  1 ). The rate of AS binding to anionic vesicles also depends on membrane phase, being much faster for lipids in the L d phase ( Table 1) .
Reversibility of Membrane Binding-The reversibility of AS/ membrane binding was explored with DMPC SUVs for which the affinity for AS changes by about 2 orders of magnitude across the phase transition (ϳ23°C). Upon the addition of AS-18MFE to a solution of DMPC SUVs at 15°C, almost complete binding ensued (Fig. 5) . Heating this solution beyond the DMPC phase transition led to a gradual dissociation of the protein from the membrane, characterized by a rate constant of ϳ0.001 s
Ϫ1
. Cooling to 15°C restored protein binding. Successive cooling/heating cycles demonstrated the reversibility of AS association and the maintenance of membrane integrity in the process (Fig. 7B) .
The dissociation of AS from membranes at constant temperature was monitored by protein migration to SUVs with a higher affinity. The MFE label provided a unique fluorescence signature of the protein bound to membranes of a given composition, allowing the monitoring of the AS migration by changes in the emission spectrum. In the presence of DPPC SUVs at a lipid/protein ratio of 2000:1, AS was completely bound. The addition of DOPG SUVs (that bind AS much strongly than DPPC) led to a progressive change in fluorescence, and the final emission spectrum corresponded to the AS-18MFE bound to DOPG (Fig. 8A) . The presence of an iso- Table 1 . B, reversibility of AS interaction with DMPC SUVs. The protein was mixed with vesicles at 15°C and then heated to 37°C. Dissociation was monitored by changes in integral fluorescence intensity. After 2000 s, the sample was cooled to 15°C for ϳ5 min to restore protein binding and then again heated to 37°C. The first 2 min of the curves after the temperature change were discarded to avoid effects of temperature inhomogeneity in the sample. All measurements were performed in 25 mM Na-PO 4 , pH 6.2, 150 mM NaCl. a.u., arbitrary units.
emissive point indicates a transition between two states. Nevertheless, the kinetics of AS migration from DPPC to DOPG is complex, consisting of fast (ϳ1 s) and slow (ϳ100 s) phases (Fig.  8B) . The slow component was not observed during migration from membranes in the L d phase. Migration was always to membranes exhibiting the higher affinity for AS, leading to the ranking POPC Ͻ DOPC Ͻ DPPC Ͻ DPPG Ͻ POPG Ͻ DOPG, at a fixed temperature (37°C).
DISCUSSION
Increased levels of AS in neurons induce a defect in the reclustering of synaptic vesicles after endocytosis (6) and endoplasmic reticulum-Golgi vesicle trafficking (5) . Membranes of synaptic vesicles are significantly different from normal cellular membranes, being composed of lipids with long polyunsaturated fatty acid chains (63) , and have high curvature (diameter ϳ45 nm). Pathological events during Parkinson disease are generally related to increased AS concentration and thus may be mediated by less selective aberrant AS binding to membranes of different organelles (64) . In this work, we determined how different membrane properties affect the binding of monomeric AS. Membrane charge has a very strong influence on AS affinity (4, 35) . Therefore, we considered the effects of other membrane characteristics on AS binding for anionic and zwitterionic membranes separately in order to establish the secondary hierarchies of physicochemical parameters. We found that curvature, phase, and cholesterol content impact binding to neutral and charged vesicles in a differential manner ( Table 2) .
The affinity of AS for neutral membranes is very sensitive to membrane curvature. An increase in the vesicle diameter from 45 nm (SUVs) to 100 nm (LUVs) decreases binding of AS by about 2 orders of magnitude. Membranes of high curvature contain more defects that may act as the binding sites for AS (31, 32 ). This hypothesis is also supported by the results of other experiments. For example, there is a strong decrease of AS affinity for neutral membranes upon an increase in the content of cholesterol, which is known to eliminate defects in membranes of high curvature (Figs. 6B and 9) (58). Membrane bending induces more defects in rigid phospholipid bilayers, explaining the greater affinity of AS for neutral vesicles in the gel phase than in L d phase. And finally, the low (Ͻ10%) coverage of neutral membranes by AS also supports the hypothesis that membrane defects are essential for AS binding.
The interaction of AS with negatively charged membranes does not follow the same rules. The affinity is almost independent of changes in the number of membrane defects caused by alterations of curvature, rigidity, or cholesterol content (Fig. 9) . The stoichiometry of AS binding to negatively charged model membranes (30 -100 lipids/protein) corresponds to a much denser surface coverage, between 30 and 100%, and therefore the binding cannot be attributed to membrane defects alone. Moreover, the interaction of AS with negatively charged membranes occurs much faster than with zwitterionic membranes. ). a.u., arbitrary units. 
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This effect cannot be explained simply by invoking electrostatic attraction forces because the net charge of AS is negative, close to Ϫ9 at pH 7.4. The electrostatic repulsion to some extent decreases the initial binding, but this is compensated for by faster conformational changes. The presence of unsaturated fatty acids in the target membranes significantly increases AS binding to membranes in the L d phase. The protein binds to vesicles composed of DOPC with at least 5-fold higher affinity than to POPC membranes and about 100-fold better than to membranes formed of saturated DMPC. Moreover, in the case of negatively charged vesicles, the presence of the unsaturated chains has a stronger effect on the binding than the phase of the membrane; for example, DOPG (L d , unsaturated) binds AS better than DPPG (gel, saturated). The increase in AS binding affinity for lipidic structures that contain unsaturated fatty acids appears to be independent of the presence of membrane defects. Such behavior may be explained by the large distance between the polar headgroups due to less dense packing of lipid bilayer (0.82 nm 2 /lipid for DOPC versus 0.65 nm 2 /lipid for DMPC) (61). We presume that AS binds neutral and negatively charged membranes by different mechanisms. The interaction with negatively charged membranes could be driven by electrostatic forces alone and therefore does not depend significantly on hydrophobic interactions. In contrast, the binding to neutral membranes requires defects in the bilayer structure that render the interaction highly sensitive to the influence of membrane curvature, phase, and composition. We propose that AS binding to phospholipid vesicles occurs as a multistep process, determined initially by electrostatic interaction of its N terminus, but then also strongly dependent on bilayer defects, especially in the case of zwitterionic membranes. In such a model, the first step involves the fast reversible binding of unstructured protein to the membrane, followed by the folding to an energetically preferred ␣-helical conformation that is stabilized by different interactions with the polar headgroups and the acylchains. In the case of anionic vesicles, the influence of neighboring prebound AS must be considered in order to adequately describe the state of the system at high levels of vesicle coverage.
The dissection of the differential contributions of the factors determining the binding to neutral and negatively charged membranes can reconcile some of the disagreements in prior data obtained with different systems. For example, FCS data show that the affinities of AS for POPS SUVs and LUVs are similar (28) , whereas isothermal titration calorimetry measurements indicate that AS binds to the zwitterionic SUVs but not LUVs (31) . Our kinetic and competition experiments demonstrate that binding of AS to lipid bilayers is reversible such that the protein can migrate to membranes with higher affinity, presumably by a process of unbinding and free diffusion, although direct vesicle-vesicle transfer cannot be excluded.
The fact that AS efficiently discriminates membranes according to their physical properties, suggests a high degree of selectivity in its binding and ability to migrate between membranes of different composition. These features are undoubtedly important for the proper localization and function of AS within the cell. For example, AS binding to synaptic vesicles may be enhanced by its preferences for membranes of high curvature and negative charge. Moreover, the differing mechanisms of AS binding to neutral and negatively charged membranes are probably related to distinct protein conformations and/or positions in membranes of relevance for distinct AS functions as well as the processes leading to pathological aggregation.
